We investigated expression of acid phosphatases containing low-molecular-mass (25 to 27-ma) polypeptides (Lmmp-APs) similar to those described previously for Salmonella enterica serovar typhimurium and Morganella morganii in strains that were representatives of 43 different enterobacterial species by using a zymogram technique developed for detection of Lmmp-AP activities and for analysis of some of the properties of these enzymes. Under conditions that were suitable for detection of the previously described Lmmp-APs, production of similar enzymes appeared to be widespread but not universal among enteric bacteria, and heterogeneous patterns of expression were found among strains belonging to different genera and, in some cases, among strains belonging to different species of the same genus. We found that class A Lmmp-APs (i.e., Lmmp-Aps similar to the Morganella morganii PhoC and Salmonella enterica serovar typhimurium PhoN acid phosphatases) were also expressed in Cedecea spp., Enterobacter aerogenes, Hafiia alvei, Klebsiella spp., Providencia stuartii, Serratia plymuthica, and Yokenella regensburgei strains and that class B Lmmp-APs (i.e., Lmmp-APs similar to the Morganella morganii NapA and Salmonella enterica serovar typhimurium NapII acid phosphatases) were also expressed in strains of Citrobacter spp., Escherichia coli, Escherichia fergusonii, H a f i b alvei, Proteus mirabilis, Providenciu spp., Salmonella enterica serovar typhi, ShigeUa dysenteriae, and ShigeUa flexneri. No Lmmp-AP activity was detected in strains of Enterobacter spp. other than Enterobacter aerogenes, Escherichia hermanii, Kluyvera ascorbata, Leckrciu adecarboxyluta, Leminorella grimontii, MoellereUa wisconsensis, Proteus vulgaris, Proteus penneri, Serratia spp. other than Serratia plymuthica, and Yersinia spp. Because of the heterogeneous patterns of expression of Lmmp-APs, analysis of these enzymes could be useful for evolutionary studies of the enterobacterial genome and for precise phylogenetic positioning of enteric bacteria.
Phosphatase activity occurs in all members of the family Enterobacteriaceae (18), but different patterns of phosphatase activity have been found in strains belonging to this family (2, 3, 10, 12, 13, 19) . For instance, it is known that a phosphaterepressible alkaline phosphatase is widespread but not universally present in enterobacterial species (2, 13, 19) . It is also known that the levels of cyclic phosphodiesterase activity and 5'-nucleotidase (UDP-sugar hydrolase) activity can be markedly different in different species (10) and that two different types of 5'-nucleotidases are produced by Escherichia coli and Salmonella spp. as a consequence of alternative silencing events in the genes that encode these enzymes (3). Moreover, only some species (Morganella morganii and Providencia stuartii) produce high levels of phosphate-irrepressible acid phosphatase activity (HPAP phenotype), while other species produce only intermediate or low levels of acid phosphatase activity when Pi is freely available in the culture medium (12, 13) .
However, knowledge concerning enterobacterial phosphatases is incomplete, and the data are somewhat confusing since most of the available data concern phosphatase activity as a whole, while individual enzymatic activities have been studied in detail only in Escherichia coli and, to a lesser extent, in a few other species. Moreover, different methods have been used to evaluate phosphatase activities in different studies, thus rendering comparisons difficult and conclusions questionable.
For the reasons stated above, more knowledge concerning the enterobacterial phosphatases and their diversity could be relevant not only in the field of microbial physiology and enzymology, but also for taxonomic, phylogenetic, and diagnostic purposes.
Among the different phosphatases found in members of the Enterobacteriaceae, a potentially interesting but still poorly characterized group is represented by the nonspecific periplasmic acid phosphatases containing low-molecular-mass (around 25-to 27-kDa) polypeptides (Lmmp-Ms). Similar enzymes have far been described in Salmonella enterica serovar typhimurium (4, 6, 7, (23) (24) (25) , Morganella rnorganii (21, 22) , Providencia stuartii (15), and Escherichia coli (16), but only the Salmonella and the Morganella enzymes have been purified and characterized in detail. At least two different families of these enzymes can be defined on the basis of structural and functional properties. One family includes the PhoN enzyme of Salmonella enterica serovar typhimurium (4, 7, 24, 25) and the structurally and functionally homologous enzymes of Morganella morganii (21) and Providencia stuartii (15), which have been designated the class A bacterial acid phosphatases (21). The other family includes the NapII enzyme of Salmonella enterica serovar typhimurium (23, 24) and the NapA enzyme of Morganella morganii (22), which have been designated the class B bacterial acid phosphatases (22). We have also recently reported that Escherichia coli can produce a nonspecific periplasmic Lmmp-AP containing a 27-kDa polypeptide component (16), but it is not known yet whether this enzyme belongs to one of the two families described above.
In this study we investigated the production of similar enzymes in strains that represented several different enterobac- terial species by using a zymogram technique which was able to resolve different activities and to provide, at the same time, information concerning the size of the polypeptide component, the optimum pH value, and activity with different substrates. Our results showed that expression of Lmmp-APs with properties similar to those described previously is widespread although not universal among members of the Enterobacteriaceae and that heterogeneous patterns of expression are found among strains belonging to different genera and, in some cases, also among strains belonging to different species of the same genus.
MATERIALS AND METHODS
Bacterial strains. The strains used in this study are listed in Table 1 . All strains were stored at -80°C in brain heart infusion broth (Difco Laboratories, Detroit, Mich.) supplemented with 20% (vol/vol) glycerol until they were used.
Culture media and conditions. Terrific broth (TB) (17) was composed of 1.2% (wt/vol) tryptone (Difco), 2.4% (wt/vol) yeast extract (Difco), 90 mM sodium phosphate buffer (pH 7.2), and 0.4% (vol/vol) glycerol. TB was used as the growth medium for analysis of Lmmp-APs since it supported the growth of all of the strains tested and was suitable for detection of all of the previously described Lmmp-APs. Cells were always grown aerobically at 37°C.
Zymogram techniques. Phosphatase activities were analyzed in whole-cell protein preparations by a zymogram technique. To prepare whole-cell proteins, bacteria were washed in normal saline, resuspended in normal saline at an optical density at 600 nm of 10, and disrupted by sonication. Cell debris was then removed by centrifugation at 10,000 X g for 10 min at 4°C. For zymograms, the protein preparations were subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) under completely or partially denaturing conditions. Samples used for SDS-PAGE under completely denaturing conditions were boiled for 5 min in Laemmli's sample buffer (8) before loading, while samples used for SDS-PAGE under partially denaturing conditions were mixed with Laemmli's sample buffer at 0°C and loaded without any preliminary exposure to heat (23). SDS-PAGE was always performed with a minigel apparatus (model SE200; Hoefer Scientific Instruments, San Francisco, Calif.) by using an acrylamide concentration of 15% in the resolving gel. After electrophoresis, the gels were incubated for 3 h at 37°C in several changes of renaturation buffer to obtain renaturation of enzymes. The renaturation buffer contained 10 mM TrisHCl (pH 7), 2 mM MgS04, 0.05 mM ZnCl,, and 1% (vol/vol) deionized Triton X-100. After renaturation, the gels were equilibrated for 1 h in several changes of either 100 mM sodium acetate buffer (pH 5.5) or 100 mM glycine-NaOH buffer (pH 9.5) and then processed for detection of phosphatase activities. Two different detection systems were used. In one system (the MG system) (16), after the equilibration step the gel was incubated at 37°C for 14 h in equilibration buffer containing 4 mM phenolphthalein diphosphate (PDP) (tetrasodium salt; Sigma Chemical Co., St. Louis, Mo.) and 0.05 g of the stain methyl green (Sigma) per liter. In this system phosphatase activities were indicated by the presence of bands composed of a green precipitate (at the acidic pH value) or a white precipitate (at the alkaline pH value). In the other system (the 5-bromo-4-chloro-3-indolylphosphate [BCIP] detection system), after the equilibration step the gel was incubated at 37°C for 14 h in equilibration buffer containing 0.25 mM-BCIP (Sigma). In this system phosphatase activities were indicated by the presence of bands composed of a blue precipitate. It should be noted that in all cases, the phosphatase activity bands were located at a migration distance corresponding to the M, of the polypeptide component of the enzyme. 
RESULTS
Zymogram detection and identification of enterobacterial Lmmp-APs. Although it has been reported that Escherichia coli produces an Lmmp-AP (16) and that a class A Lmmp-AP has been cloned from Providencia stuartii (15), the only enterobacterial Lmmp-APs that have been purified and characterized in detail previously are those of Salmonella enterica serovar typhimurium (4, 7, [23] [24] [25] and Morganella morganii (21, 22) . These Lmmp-APs include two class A enzymes (PhoN in Salmonella strains and PhoC in Molganella strains) and two class B enzymes (Nap11 in Salmonella strains and NapA in Morganella strains). In this study, we first developed a zymogram technique which could be used to detect and identify Lmmp-AP activities (see Materials and Methods for details).
Both types of Lmmp-APs could be detected in early-stationary-phase cells of Salmonella enterica serovar typhimurium ATCC 15277 (= LT2) or Morganella moiganii ATCC 25830T (T = type strain) grown in TB with the zymogram technique when we developed the gels at an acidic pH value and used PDP as the substrate and the MG detection system (Fig. la, gel D) . Because their polypeptide sizes were similar, the two Lmmp-APs of each species migrated close to each other. In fact, the class A phosphatase appeared to be only slightly larger and slightly smaller than the class B enzyme in Salmonella and Morganella preparations, respectively ( Fig. la, gel D) . Clearcut resolution of the two activities could be achieved only if a suitable amount of sample was loaded onto the gel (75 to 100 rJ.g of total protein was found to be optimal; larger amounts resulted in large bands of activity which could actually overlap with each other), and the two polypeptides were properly resolved by electrophoresis (an acrylamide concentration in the resolving gel of 15% was found to be optimal when we used a minigel apparatus). The two classes of enzymes could then be distinguished from each other on the basis of the following properties. Unlike the class A enzymes, the class B Lmmp-APs migrated mostly as higher-M, polymers if cell proteins were subjected to SDS-PAGE under partially denaturing conditions (Fig. la, gel PD) , and the activity of class B enzymes was not inhibited by the presence of 0.01% (wt/vol) SDS (Fig. lb) . On the other hand, unlike the class B enzymes, the class A LmmpAPs were active on BCIP, and their activity on PDP or BCIP was not inhibited by the presence of 20 mM EDTA (Fig. lc) . It should be noted that, notwithstanding their overall similarity, the class A enzymes of Salmonella enterica serovar typhimurium and Morganella morganii also differ in some respects and have different phylogenetic histories and therefore probably are members of two different subclasses. In fact, unlike the Moiganella homolog, which has a homotetrameric quaternary structure, is resistant to fluoride, and is encoded by a gene that apparently was acquired early in the lineage (21), the Salmonella PhoN enzyme has a homodimeric quaternary structure, is inhibited by fluoride, and is encoded by a gene that apparently was derived from a recent horizontal transfer (4, 7, 24) . Moreover, the Salmonella PhoN polypeptide component is also slightly larger than the polypeptide component of the Morganella PhoC phosphatase (4, 21). Some of these distinctive characteristics could be exploited in zymograms to distinguish these two types of class A enzymes (Fig. 1) . We propose that the enzyme groups which contain Morganella and Salmonella class A enzymes should be designated classes A1 and A2, respectively.
It should also be noted that under the experimental conditions described above, a band of phosphatase activity was also often detected at an M, of approximately 44 kDa (Fig. 1 ). This band corresponds to an acid hexose-phosphatase (20) which in Salmonella enterica serovar typhimurium has been described previously (7, 24, 25) and is apparently homologous to the Escherichia coli Agp enzyme (14).
On the basis of the data described above, we investigated the presence of similar Lmmp-APs in strains that represent several different enterobacterial species by using the zymogram technique.
Screening for Lmmp-APs in members of the family Enterobacteriaceae. Representative strains of various enterobacterial species were assayed for the presence of Lmmp-APs by the zymogram technique described above. The screening assays were performed with early-stationary-phase cells grown in TB by using SDS-PAGE under completely denaturing conditions, PDP as the substrate, and the MG detection system (i.e., conditions known to be suitable for detecting previously described Lmmp-APs [see above]). In these experiments zymograms were prepared after electrophoresis under completely denaturing conditions and were developed by using PDP as the substrate and the MG system for detection (see Materials and Methods for further details concerning the zymogram technique). For each strain, approximately 100 kg of total protein prepared from early-stationary-phase cells grown in TB was loaded onto the gel. Results were reproducible in duplicate experiments.
' CIP, Collection of the Institut Pasteur; ATCC, American Type Culture Collection.
Obtained as the type strain of Levinea malonatica. Obtained as the type strain of Mebsiella trevisanii. The 25-kDa bands of activity in these strains were larger and more intense than all of the other bands detected. . Gels D, and PD, gels after SDS-PAGE performed under completely and partially denaturing conditions, respectively (see Materials and Methods for details concerning the electrophoretic conditions used). (a) Results obtained when the gel was equilibrated at pH 5.5 and developed by using PDP as the substrate and the MG detection system. (b and c) Results obtained when the gel was equilibrated and developed as described above, but with 0.01% (wt/vol) SDS and 20 mM EDTA, respectively, added starting from the equilibration step. When the gel was equilibrated at pH 5.5 and developed by using the BCIP detection system, the activity pattern was identical to the pattern shown in panel c. The asterisks indicate bands that did not appear when 1 mM fluoride was added after the equilibration step. Lanes 1, Morganella morganii ATCC 25830T whole-cell proteins; lane 2, purified Morganella morganii PhoC acid phosphatase; lane 3, purified Morganella morganii NapA acid phosphatase; lane 4, Salmonella enterica serovar typhimurium ATCC 15277 (= LT2) whole-cell proteins; lane 5, purified Salmonella enterica serovar typhimurium PhoN acid phosphatase; lane 6, purified Salmonella enterica serovar typhimurium Nap11 acid phosphatase. In lanes in which the results obtained with whole-cell proteins are shown (lanes 1 and 4) the band thickness matches with the actual proportions of the proteins. The bands shown as dotted lines represent the small amount of class B enzyme which was completely denatured and migrated to an M , of 27 kDa when electrophoresis was performed under partially denaturing conditions. The bands in brackets, located at an M , of approximately 44 kDa, represent a hexose phosphatase which was often detected under the experimental conditions used (20). Purified Morganella morganii Lmmp-APs were obtained from our laboratories (21, 22) . Purified Salmonella enterica serovar typhimurium phosphatases were obtained from Salmonella enterica serovar typhimurium ATCC 15277 (= LT2) as previously described (23, 24).
The results of this analysis showed that in addition to Morganella morganii ATCC 25830T and Salmonella enterica serovar typhimurium ATCC 15277 (= LT2), as well as Providencia stuartii ATCC 29914T and Escherichia coli MG1655 (for which production of Lmmp-APs has been reported previously [ 15, 16] ), strains belonging to several other enterobacterial species produced Lmmp-AP activities (Table 1 value were inactive or exhibited greatly reduced activity at the alkaline pH value (data not shown), and phosphatases containing low-molecular-mass polypeptides that were active only at alkaline pH values were never observed. The intensities of bands of activity were somewhat variable. The larger and more intense bands were the 25-kDa bands of activity observed with Morganella morganii ATCC 25830T and Providencia stuartii ATCC 29914T (Table 1) . As observed with Morganella morganii ATCC 25830T and Salmonella enterica serovar typhimurium ATCC 15277 (= LT2) (see above), under the experimental conditions which we used activities of other acid phosphatases containing larger (always >40-kDa) polypeptides were sometimes detected (data not shown). Such activities were not further characterized in this study.
Characterization of the Lmmp-APs detected in different species. All of the Lmmp-AP activities detected in strains of species other than Salmonella enterica serovar typhimurium and Morganella morganii were analyzed by performing additional tests, including electrophoresis under partially denaturing conditions and tests for inhibition by SDS, inhibition by EDTA, activity on BCIP, and, for putative class A activities, inhibition by fluoride.
The results of this analysis showed that the Lmmp-APs of Cedecea davisae CIP 8034T, Cedecea neteri ATCC 338ST, Enterobacter aerogenes CIP 608(jT, Klebsiella oxytoca CIP 666, Klebsiella planticola CIP 8136, Klebsiella pneumoniae CIP 52144, Klebsiella temgena CIP 8007T, Sewatia plymuthica CIP 7712, and Yokenella regensburgei ATCC 35313 were inhibited by SDS, were resistant to EDTA, were active on BCIP, and did not migrate as larger polymers under partially denaturing conditions and thus apparently were class A enzymes. No class B or other Lmmp-AP activities were detected in these strains (Table 2) . On the other hand, the Lmmp-APs of Citrobacter amalonaticus ATCC 25405T, Citrobacter koseri CIP 7214, Citrobacter freundii ATCC 8090T, Escherichia coli MG1655, Escherichia fergusonii ATCC 35469T, Proteus mirabilis ATCC 29906T, Providencia alcalifaciens CIP 5862, Providencia rettgeri ATCC 29944T, Providencia rustigianii ATCC 33673T, Salmonella enterica serovar typhi ATCC 19430(T), Shigella dysenteriae NCTC 4837T, and Shigella flmeri CIP 8248 were resistant to SDS, were inhibited by EDTA, were inactive on BCIP, and migrated as larger polymers under partial denaturing conditions and thus apparently were class B enzymes. No class A or other Lmmp-AP activities were detected in these strains (Table 2). The two Lmmp-APs found in Hajkia alvei ATCC 29926 and in Providencia stuartii ATCC 29914T behaved like a class A enzyme (the smaller enzyme) and a class B enzyme (the larger enzyme) ( Table 2) .
Of the class A enzymes found in this study, only the class A enzyme of Sewatia plymuthica CIP 7712 was inhibited by fluoride and contained a slightly larger polypeptide component (like the Salmonella enterica serovar typhimurium class A enzyme) and was therefore classified as a class A2 enzyme, while all of the other class A enzymes were resistant to fluoride and contained a slightly smaller polypeptide component (like the Morganella morganii class A enzyme) and were therefore classified as class A1 enzymes (Table 2) .
DISCUSSION
So far, production of Lmmp-APs has been reported only for some enterobacterial species. There are at least two different families of such enzymes, which differ in their structural and functional properties; these enzymes have been designated the class A and class B bacterial acid phosphatases (21, 22) .
Using the simple zymogram procedure described in this paper, which was suitable for detecting and identifying the known Lmmp-APs, we screened several representatives of the family Enterobacteriaceae for the presence of similar Lmmp-APs, and our analysis showed that production of similar enzymes is actually widespread, although not universal, among members of this family. All of the Lmmp-APs which we detected were apparently either class A or class B enzymes. However, the presence of additional types of Lmmp-APs cannot be definitely ruled out since the detection conditions which we used may not be suitable for detection of different enzymes.
The pattern of Lmmp-AP production was rather heterogeneous. Some strains apparently were not able to express any Lmmp-AP activity, while most strains expressed at least one Lmmp-AP activity (either class A or class B) and a few strains simultaneously produced both a class A enzyme and a class B enzyme. These different phenotypes could be related to differences in regulation of the Lmmp-AP-encoding genes (so that the assay conditions which we used may not have elicited Lmmp-AP production in some cases) or to a true inability to produce Lmmp-AP based on genotype. We are currently investigating these possibilities by examining expression of class A and class B activities under different growth conditions and by investigating the presence of sequences homologous to the known class A and class B phosphatase-encoding genes in strains that apparently are not able to produce the enzymes. In any case, the heterogeneity of Lmmp-APs in enteric bacteria, like the heterogeneity found for other phosphatases, indicates that the Lmmp-AP genes and/or their regulatory elements were involved in changes which occurred in the enterobacterial genome after different species diverged. For this reason, analysis of similar enzymes could be useful for evolutionary studies of enterobacterial genomes and for precise phylogenetic positioning of enteric bacteria, for which rRNA sequencing alone is not sensitive enough (1, 9). It should be noted that production of class B Lmmp-APs by Escherichia coli MG1655 and Escherichia fergusonii ATCC 35469T but not by Escherichia hermanii ATCC 33650T is fully consistent with the hypothesis that only Escherichia coli and Escherichia fergusonii should be placed in genus Escherichia, while Escherichia hermanii, Escherichia blattae, and Escherichia vulneris should be placed in different genera (9), and that production of class A1 enzymes by strains belonging to different Klebsiella species and by Enterobacter aerogenes CIP 6086T but not by strains belonging to other Enterobacter species is consistent with the hypothesis that Enterobacter aerogenes is more closely related to klebsiellae than to other enterobacters and should be reclassified in the genus Klebsiella (1, 5).
Production of class B Lmmp-APs appeared to be quite widespread among enteric bacteria. In fact, in addition to the Salmonella enterica serovar typhimurium and Morganella morganii class B enzymes, class B enzymes were also found in strains belonging to following species: Citrobacter amalonaticus, Citrobacter koseri, Citrobacter freundii, Escherichia coli, Escherichia fergusonii, Proteus mira bilis, Providencia alcalifaciens, Providencia rettgeri, Providencia rustigianii, Providencia stuartii, Salmonella enterica serovar typhi, Shigella dysenteriae, and Shigella flaneri. The class B Lmmp-AP detected in Escherichia coli MG1655 apparently corresponded to the p27 activity previously described in the same strain (16) and therefore the p27 activity can be classified as a class B enzyme. Considering our current knowledge of enterobacterial phylogenesis (1, 11) and the distribution of class B acid phosphatases, it is possible to speculate that an ancestral class B gene was present in the enterobacterial ancestor or was acquired early in the lineage and that during subsequent evolution of the family this gene 
See Materials and Methods for details concerning the assay procedures used. ND, not determined. The data in parentheses are data for the small amount of class B enzyme that was completely denatured under the conditions which we used (see Fig. 1 ).
has been variously involved in mutations, rearrangements, or even lateral exchange events within the family, which eventually caused the heterogeneous expression pattern observed now. The production of class A Lmmp-APs was also found to be quite widespread among enteric bacteria, and most of the class A enzymes were class A1 enzymes. In fact, in addition to the Morganella morganii enzyme, class A1 Lmmp-APs were found in strains belonging to Cedecea davisae, Cedecea neteri, Enterobacter aerogenes, Hafnia alvei, Hebsiella oxytoca, Klebsiella planticola, Klebsiella pneumoniae, Klebsiella temgena, Providencia stuartii, and Yokenella regensburgei, while a class A2 enzyme apparently similar to the Salmonella enterica serovar typhimurium enzyme was found only in a strain of Serratia plymuthica. On the basis of these data and current knowledge concerning enterobacterial evolution (1, 1 l), we speculated that the class A1 enzymes have a phylogenetic history similar to that hypothesized for class B Lmmp-APs (see above), a view It should be noted, however, that investigation of a single strain may not be sufficient to account for the diversity of a whole species. It will be interesting to examine several strains of each species for production of Lmmp-APs to confirm that our results are actually characteristic for the various species.
